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Background: Smoking is associated with an accelerated loss of lung function and
inhalation accelerates the decline further. Exhaled CO reflects the exposure of smoke to
the lungs.
Aim: To investigate whether self-reported inhalation and type of cigarette influenced the
level of exhaled CO and whether CO could provide additional information to usual
measures of smoking regarding prediction of present lung function and decline in lung
function over an extended period of time.
Method: Cigarette smokers from the Copenhagen City Heart Study with valid measures of
lung function and exhaled CO; in total 3738 subjects, 2096 women and 1642 men.
Results: Subjects not inhaling had slightly lower exhaled CO values than those inhaling,
but substantially higher values than non-smokers (Po0.001). Smokers of plain cigarettes
had slightly lower CO values than smokers of filter cigarettes (Po0.001). Increasing CO
levels were correlated to a lower FEV1%pred and to an accelerated decline in lung
function. However, in multiple linear regression analyses these correlations were not
significant.
Conclusion: Inhalation and type of cigarette affects exhaled CO levels. CO measures have
no predictive value regarding neither present lung function nor decline in lung function
with time in a population survey setting.
& 2006 Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
95913.
p.cybercity.dk (P. Fabricius).Introduction
Smoking is associated with an accelerated decline in lung
function.1 However, large individual variations exist due to
gender, age, smoking pattern, and genetic predisposition.
Inhalation has been shown to be an important factor when
ARTICLE IN PRESS
P. Fabricius et al.582evaluating risk associated with smoking.2 So far, only self-
reported inhalation has been used in epidemiologic studies
and this measure may not be adequate since other aspects
of smoking such as puff rate, puff volume, and time of
breath holding are of importance as well when evaluating
exposure.3
Carboxyhemoglobin (COHgb) is closely linked to tobacco
smoking,4–6 whereas passive smoking, traffic exhaust,
industrial smoke and endogenous CO production is of
relative minor importance.7 The COHgb level is determined
by rates of absorption and elimination. The absorption
depends on the amounts of CO reaching the alveoli and is
determined by the number of cigarettes smoked, puffs
taken per cigarette, puff volume, depth of inhalation,
length of breath holding and diffusion capacity.3 The
elimination is restricted to the lungs and depends on the
ventilation. Immediately after each cigarette smoked a
steep increase in COHgb is observed, followed by an
exponential decline. The half-time is determined by the
minute volume being 3–6 h at rest.8,9 Thus, all but very light
smokers will have a gradually increasing COHgb throughout
the day. Between individuals there is considerable variation
in COHgb for the same degree of tobacco exposure even
under standardized conditions, whereas the daily variation
within individuals is much smaller.10,11 Exhaled CO corre-
lates closely to COHgb and is easily and reliably measured by
hand-held breath analysers.6,12–14 Smoking patterns with
increased puff rate, deep inhalations and extended breath
holding would be expected to be particularly harmful, and
should be reflected by higher exhaled CO values.
The aim of our study was to investigate whether there
was any difference in CO levels between smokers reporting
to inhale and those reporting not to inhale and whether the
type of cigarette smoked influenced the exhaled CO level.
Subsequently, we wanted to see if exhaled CO, as an
objective measure of smoking patterns, could provide any
additional information to usual measures of smoking,
regarding both level of lung function and the decline in
lung function over time.Methods
All subjects included in this study participated in the
Copenhagen City Heart Study, a prospective epidemiologic
study initiated in 1976–1978. A sample of 19,698 subjects
aged 20 years or older was selected at random, after age
stratification in 5-year age groups, from residents of
Copenhagen. From 1976 to 1978, 14,223 subjects partici-
pated in the initial survey at Copenhagen University
Hospital. All participants were subsequently invited to
participate in a second (1981–1983), third (1991–1994),
and fourth (2001–2004) survey. Additional subjects in the
youngest age group were invited to participate after 5 years
(n ¼ 500), 15 years (n ¼ 3000) and 25 years (n ¼ 1000). A
total of 10,135 attended the third examination (response
rate 61%) and 6040 attended the fourth examination
(response rate 50%). The participants filled out a self-
administered questionnaire and at all surveys an investiga-
tor and the participant scrutinised the questionnaire to
ensure that the responses were accurate.At the third and fourth examinations, forced expiratory
volume in 1 s (FEV1) and forced vital capacity (FVC) were
measured with a dry wedge spirometer (Vitalograph,
Maidenhead, UK), calibrated daily with a 1 L syringe. At
each examination three sets of values were obtained, and as
a criterion for performance of procedure, at least two
measurements differing by less than 5% had to be produced.
The results from asymptomatic never-smokers were used to
calculate prediction values (FEV1%pred) for FEV1 in the study
sample. The prediction equations were
Men : FEV1ðmLÞ ¼  469 35:2nage ðyearsÞ
þ 32:0nheight ðcmÞ.
Women : FEV1ðmLÞ ¼ 410 27:6nage ðyearsÞ
þ 21:2nheight ðcmÞ.
The FEV1 values obtained from these equations were
concordant with reference values for normal subjects
published by The Danish Lung Association.15
At the third examination, a single measure of CO was
obtained with a Mini Smokerlyser EC50 (Bedfont Scientific,
USA). The measure was expressed as parts per million
(ppm). Participants were instructed to hold their breath for
15 s and then breathe out calmly. Calibration was performed
every 6 months. Data from all cigarette smokers at the third
examination, aged 30 years or more were included for
analysis. All smokers were specifically asked whether or not
they inhaled and were labelled accordingly. Also, they were
asked to report on the type(s) of cigarette smoked.
Data from subjects smoking both filter tipped and plain
cigarettes were excluded from the analysis of the influence
of cigarette filters on exhaled CO. In total, 3716 subjects,
2083 women and 1633 men were included in analyses of
impact of inhalation and 3464 subjects, 2060 women and
1404 men were included in analyses of impact of cigarette
filter. The mean CO value was calculated in the non-smoking
study population for comparison.
The decline in lung function over time was determined in
the subgroup smoking at least one cigarette per day at both
the third and fourth examinations, with valid measurements
of lung function at both examinations and CO measurements
at the third examination. Daily cigarette consumption was
set to a mean value of the reported numbers at the third and
fourth examinations. The decline was calculated as loss of
lung function in ml per year; data from 1200 subjects were
included in this analysis, 735 women and 465 men.Statistics
Age, pack-years, cigarettes per day, CO, FEV1%pred and loss
of lung function per year were approximately normally
distributed and mean values are presented 7 the standard
deviation. The distribution of the CO measures was slightly
skewed, and logarithmic values (ln) were used in the
multiple linear regression analyses with CO as the depen-
dent variable. One-way ANOVA analysis was performed when
comparing means between the CO tertiles and Student’s
t-test was used when comparing means between self-
reported inhalers and non-inhalers and between smokers
of plain and filter tipped cigarettes. A P-value less than 0.05
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Figure 1 CO (ppm), mean7SD, for all subjects according to
amount smoked and inhalation habits, with non-inhalers shown
in open bars and inhalers in black bars.Results
Inhalation and filter
The participants were stratified by gender. As shown in
Table 1, participants who inhaled were on average younger
(Po0.001), and had considerably higher cigarette consump-
tion (Po0.001) and CO values (Po0.001). Men reported to
inhale more frequently than women (93.0% vs. 81.5%,
Po0.001). In both men and women, the difference in
exhaled CO between inhalers and non-inhalers was more
pronounced in heavy smokers as shown in Fig. 1; the mean
CO value of the non-smoking participants was 2.3 ppm.
As shown in Table 2, the daily cigarette consumption was
similar for smokers of plain and filter cigarettes in both men
and women (P ¼ 0:94 and 0.14). Smokers of plain cigarettes
were somewhat older (Po0.001) and accordingly had a
history with slightly more pack-years (Po0.001). Relatively
few women smoked plain cigarettes and those who did had
lower FEV1%pred than those smoking filter cigarettes
(Po0.001). No difference in lung function was observed
among men. In both sexes, CO measures were lower among
smokers of plain cigarettes (Po0.001), the difference being
more pronounced among men and heavy smokers as shown
in Fig. 2.
Multiple linear regression analysis was carried out for both
genders with CO as the dependent variable and with age,
number of cigarettes, FEV1%pred, filter and inhalation as
covariates. The effect of inhalation was attenuated, but
remained highly significant in both men (Po0.01) and
women (Po0.001) with a difference in the mean CO value
of 1.3 and 1.5, respectively. Likewise, the effect of filter
was attenuated, but also remained highly significant in both
sexes (Po0.001), with a mean difference in exhaled CO of
1.2 ppm in both men and women. Age was significantly
correlated with CO (Po0.001), the CO values decreasing
slightly with increasing age. Lung function also correlated
significantly with CO values; subjects with reduced lung
function (FEV1%pred o80), having slightly higher CO values
(P ¼ 0:04 for men and 0.002 for women).Table 1 Characteristics of participants at baseline, divided ac
Women
 +
Inhalation Inhalation Total
N (%) 386 (18.5) 1697 (81.5) 2083
Age (years) 64.7 (10.6) 56.0 (12.3) 57.6 (
Cigarettes/day 11.0 (7.2) 15.0 (6.6) 14.3 (
Pack years 20.9 (15.6) 26.7 (14.2) 25.7 (
CO (ppm) 8.6 (7.2) 14.6 (8.9) 13.5 (
FEV1%pred 88.7 (20.5) 86.7 (20.0) 87.1 (
Mean values (SD) are shown.
SD: standard deviation, CO: carbon monoxide, ppm: parts per million
Po 0.001 when comparing with non-inhalers.Lung function
When looking at the relationship between exhaled CO and
FEV1%pred, the CO measures were stratified by gender and
divided into a lower, middle and upper tertile. As shown in
Table 3, both men and women in the lower tertile had
slightly higher FEV1%pred than subjects in the middle and
upper tertiles (P ¼ 0:10 for men and 0.009 for women).
However, when multiple linear regression analysis including
age, number of pack-years, cigarettes smoked per day,
inhalation, filter and exhaled CO, was performed the
differences between the tertiles were no longer significant
in either sex. As expected, an increasing number of pack
years as well as age were found to be strongly associated
with decreasing FEV1%pred in both genders (Po0.001). Men
reporting to inhale had significantly lower FEV1%pred
(P ¼ 0:02), than those not inhaling. The same trend was
found in women, but was not statistically significant
(P ¼ 0:06). Female smokers of plain cigarettes hadcording to inhalation habits.
Men
 + Total
Inhalation Inhalation
(100) 115 (7.0) 1518 (93.0) 1633 (100)
12.5) 63.2 (12.7) 55.8 (12.5) 56.3 (12.7)
6.9) 11.9 (7.5) 18.1 (9.2) 17.7 (9.2)
14.6) 33.9 (31.8) 37.4 (23.1) 37.1 (23.9)
8.9) 10.0 (8.1) 15.5 (9.4) 15.1 (9.4)
20.2) 90.6 (19.5) 86.4 (20.0) 86.7 (20.0)
, FEV1%pred: FEV1 in % predicted.
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Table 2 Characteristics of participants at baseline, divided according to type of cigarette smoked.
Women Men
 +  + Total
Filter Filter Total Filter Filter
N (%) 310 (15.0) 1750 (85.0) 2060 (1 0 0) 425 (30.3) 979 (69.7) 1404 (1 0 0)
Age (years) 61.3 (11.2) 56.8 (12.5) 57.5 (12.5) 58.7 (12.2) 54.8 (12.9) 56.0 (12.8)
Cigarettes/day 13.8 (6.3) 14.4 (6.9) 14.3 (6.8) 18.2 (8.5) 18.2 (8.9) 18.2 (8.8)
Pack years 27.5 (13.7) 25.1 (14.6) 25.5 (14.5) 37.2 (20.2) 33.1 (20.4) 34.3 (20.5)
CO (ppm) 11.3 (6.5) 13.9 (9.2) 13.5 (8.9) 12.8 (7.1) 16.2 (10.0) 15.2 (9.3)
FEV1%pred 80.7 (21.3) 88.2
 (19.8) 87.1 (20.2) 85.3 (19.5) 86.7 (20.4) 86.3 (20.1)
Mean values (SD) are shown.
SD: standard deviation, CO: carbon monoxide, ppm: parts per million, FEV1%pred: FEV1 in % predicted
Po 0.001 when comparing with smokers of plain cigarettes.
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Figure 2 CO (ppm), mean7SD, for all subjects according to
amount smoked and cigarette type, smokers of cigarettes
without filter shown in open bars and filter in black bars.
P. Fabricius et al.584significantly lower FEV1%pred values than those smoking
filtered cigarettes (Po0.001), whereas no association was
found in men.
When looking at the relationship between exhaled CO and
the longitudinal change in lung function, the CO measures
were also stratified by gender and divided into a lower,
middle and upper tertiles. The annual decline in FEV1 in
each tertile is shown in Table 4. No difference was observed
between the tertiles in neither men (P ¼ 0:41) nor in women
(P ¼ 0:55). Multiple linear regression analyses including age,
number of cigarettes smoked per day, inhalation, filter and
exhaled CO showed that an increasing number of cigarettes
was correlated to an increased decline in FEV1 in both
genders (P ¼ 0:02 for men and 0.04 for women). Men 50–70
years of age were found to have a more pronounced decline
in FEV1 than those being 30–50 or 70+ years of age
(P ¼ 0:01). Women tended to have a larger loss of lungfunction with increasing age. This, however, was not
statistical significant (P ¼ 0:08 for age 50–70 years and P ¼
0:24 for age 70+ years). Neither inhalation nor filter was
significantly correlated to decline in FEV1.Discussion
From our study it appears that CO measures offer no
additional information to the usual measures of smoking
regarding prediction of neither level of FEV1 nor decline
over time. To our knowledge, this issue has not been
addressed previously.
The use of CO recordings in clinical settings have so far
been limited to validate claims of smoking cessation and to
determine the severity of smoke exposure in victims of fire
accidents. The measurements are easy to perform, non-
invasive and cheap,6,13,14,16 and it would be of clinical
interest if a CO measure could provide an early indication of
whom among the smokers that would be in particular risk of
developing COPD. Unfortunately, this does not seem to be
the case.
The CO measures depend critically on the numbers of
cigarettes smoked on the day of examination and the time
elapsed since smoking.4,7,10,13,17,18 In our study we had no
information of neither of these factors. The examinations
were carried out between 8 and 17 h but when we looked at
time of measurement and smoking habits no systematic
patterns were found. The level of physical activity in the
participants may have varied with the hour of examination.
We had no information about physical activity prior to
investigation and thus have been unable to determine the
confounding impact from this factor. Ideally, the CO
measures should have been obtained a fixed time late in
the day along with exact information about smoking
exposure and the level of physical activity during that day.
Considering the wide individual variations in both present
lung function and in the decline in lung function over time,
the casually applied CO measures without any information
about smoking exposure and activity level on the day of
examination were too crude an instrument to be signifi-
cantly associated to either of these variables, given the
number of subjects participating in our study.
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Table 4 Characteristics of participants smoking at both third and fourth examinations, divided into tertiles according to CO
measure.
Women Men
1.tertile 2.tertile 3.tertile Total 1.tertile 2.tertile 3.tertile Total
Age (years) 55.2 (12.7) 54.3 (10.6) 50.1 (9.4) 53.3 (11.3) 53.3 (12.3) 51.4 (11.0) 49.2 (9.5) 51.2 (11.0)
Cigarettes/day 11.4 (6.2) 15.7 (5.3) 18.4 (6.0) 14.9 (6.6) 12.8 (7.6) 19.3 (6.5) 22.9 (8.8) 18.5 (8.7)
CO (ppm) 6.0 (2.9) 14.2 (2.4) 25.9 (7.1) 14.9 (9.4) 6.2 (2.7) 14.6 (2.1) 26.4 (7.3) 16.2 (9.6)
Decline in FEV1
(mL/year)
48.7 (30.6) 48.3 (28.8) 49.9 (30.2) 49.0 (29.9) 65.2 (43.4) 69.1 (34.3) 67.8 (34.0) 67.4 (37.2)
Age is given at the time of the third examination. Daily cigarette consumption is set to an average of the consumption stated at third
and fourth examinations. Mean values (SD) are shown.
SD: standard deviation, CO: carbon monoxide, ppm: parts per million.
Po 0.001 when comparing with first and second tertiles.
Table 3 Characteristics of all cigarette smoking participants at baseline, divided in tertiles according to CO measure.
Women Men
1. tertile 2. tertile 3. tertile Total 1. tertile 2. tertile 3. tertile Total
Age (years) 60.9 (13.0) 58.4 (11.8) 52.8 (10.9) 57.6 (12.5) 59.5 (13.9) 57.6 (12.1) 52.4 (11.0) 56.3 (12.7)
Cigarettes/day 10.5 (6.5) 14.9 (5.6) 18.1 (6.0) 14.3 (6.9) 13.0 (8.8) 17.7 (7.5) 21.6 (9.1) 17.7 (9.2)
Pack years 20.3 (14.7) 27.6 (13.8) 30.1 (13.0) 25.6 (14.6) 30.8 (25.3) 37.8 (20.4) 41.7 (24.6) 37.1 (23.9)
CO (ppm) 5.3 (2.6) 12.7 (2.0) 24.0 (6.9) 13.5 (8.9) 5.8 (2.4) 12.9 (2.0) 24.8 (7.7) 15.1 (9.4)
FEV1% pred. 88.8 (21.7) 85.9 (20.3) 86.2 (17.9) 87.1 (20.2) 87.6 (21.8) 85.2 (20.1) 87.2 (18.2) 86.7 (20.0)
n.inhalation (%) 249 (31.8) 90 (14.0) 47 (7.2) 386 (18.5) 66 (13.1) 28 (5.3) 21 (3.5) 115 (7.0)
n.+inhalation (%) 534 (66.2) 555 (86.0) 608 (92.8) 1697 (81.5) 436 (86.9) 500 (94.7) 582 (96.5) 1518 (93.0)
n. plain (%) 138 (17.9) 112 (17.5) 60 (9.3) 310 (15.0) 153 (36.5) 159 (34.1) 113 (21.8) 425 (30.3)
n. filter (%) 634 (82.1) 528 (82.5) 588 (90.7) 1750 (85.0) 266 (63.5) 307 (65.9) 406 (78.2) 979 (69.7)
Mean values (SD) are shown.
SD: standard deviation, CO: carbon monoxide, ppm: parts per million, FEV1%pred: FEV1 in % predicted.
Po 0.001 when comparing with first and second tertile.
CO and lung function 585Subjects reporting not to inhale had slightly lower CO
values than those reporting to inhale, but substantially
higher values than non-smokers. The difference in exhaled
CO between the two groups of smokers is surprisingly small,
considering that no CO is absorbed from the upper air-
ways5,18; however, previous studies have found comparable
results.4,18 As expected, the largest difference was seen in
the group of heavy smokers. The subjects reporting not to
inhale smoked considerably less than those reporting to
inhale. As noted earlier, the CO measures are dependent on
both the number of cigarettes smoked and the time passed
since smoking, and smokers with low cigarette consumption
would be likely to have relatively low CO values regardless
of inhalation status, making it difficult to observe an actual
difference. Variations in smoking pattern due to the time of
examination are unlikely to have confounded the results in
any serious way whereas a difference in physical activity
between the two groups of smokers may have been a
confounding factor; cigarette smokers who reported to
inhale were on average 8.5 years younger than those
reporting not to inhale. Presumably the level of activity
declines with increasing age, leading to a slower elimination
and thus a relatively higher CO measure. However, it isunlikely to have affected our results markedly and the only
reasonable explanation to why there is only a very small
difference in exhaled CO between inhaling and non-inhaling
smokers must be that those claiming not to inhale in fact do
so to some extent. Interestingly, self-reported inhalation has
previously been associated with a larger annual decline in
lung function19 and with an excess mortality.1 A plausible
explanation could be that while CO being a very small
molecule easily moves to the periphery of the airways at
even light inhalation bigger particles as, e.g. tar do not.
The CO levels were higher in smokers of filter cigarettes
than in smokers of plain cigarettes, the difference being
most pronounced in men and in heavy smokers. This finding
is in accordance with previous studies.20–22 While the
inhaled load of particulate matter is reduced when smoking
filter cigarettes the CO yield is increased 20–30%23 due to a
more incomplete combustion and this is probably the main
reason why smokers of plain cigarettes have lower CO
measures. Although smokers of plain cigarettes were as
likely to inhale (90% vs. 86%) as smokers of filter cigarettes
there may have been differences regarding other aspects of
smoking. This has been indicated in earlier studies24,25 and
could be of importance as well. As for inhalation,
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the level of physical activity cannot be ruled out.
Interestingly, women smoking plain cigarettes had a
reduced lung function compared to those smoking filter
cigarettes in spite of lower CO measures. Adjusting for other
factors did not change that. Among men, lung function was
unaffected by the type of cigarette smoked. It may be
speculated that plain cigarettes are more deleterious to
women than filter cigarettes with regard to lung function.
However, the finding is coincidental and lies beyond the
scope of our study. It should be interpreted with care
particularly since the number of women smoking plain
cigarettes was relatively small. Also, they were considerably
older than those smoking filter cigarettes and may have
differed in other important aspects as well. A previous study
stemming from the same cohort found no difference in the
longitudinal decline in lung function between smokers of
plain and filter cigarettes.19 Further studies are needed to
determine this matter.
In conclusion, cigarette smokers who do not inhale have
slightly lower CO levels than those inhaling, but substan-
tially higher than non-smokers. Smokers of plain cigarettes
have slightly lower CO levels than smokers of filter
cigarettes, probably due to different smoking patterns and
excessive yields of CO from filter cigarettes. CO measures
without information about smoking exposure and activity
level on the day of examination have no predictive value
regarding neither present lung function nor decline in lung
function with time.
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